ABSTRACT Selenocysteine (Sec) is translationally incorporated into proteins in response to the UGA codon. The tRNA specific to Sec (tRNA Sec ) is first ligated with serine by seryl-tRNA synthetase (SerRS). In the present study, we determined the 3
INTRODUCTION
The twenty-first amino acid, selenocysteine (Sec), contains selenium and is translationally incorporated into proteins in the three domains of life, Bacteria, Eukarya and Archaea (1) . The Sec-specific tRNA (tRNA Sec ) is the longest tRNA, and its anticodon is complementary to the stop codon UGA (2) . The secondary structures of the tRNA Sec species from Bacteria and Eukarya/Archaea are different from the canonical structure, and even from each other (3) (4) (5) . The sequence-based cloverleaf model of the bacterial tRNA Sec secondary structure revealed that the acceptor and T arms have 8-and 5-bp stems, respectively. This '8+5' secondary structure differs not only from the '7+5' secondary structure of the canonical tRNAs, but also from the '9+4' secondary structure of eukaryal/ archaeal tRNA Sec s ( Figure 1A -D). The D arm of tRNA Sec has a 6-bp stem and a four-nucleotide loop, in contrast to the 3-4-bp D stem and 7-12-nucleotide D loop of the canonical tRNA. In addition, both the bacterial and eukaryal/archaeal tRNA Sec s have a remarkably long extra arm, which is even longer than those of the type-2 tRNAs, such as tRNA Ser and tRNA Leu . The extra arms of the eukaryal/archaeal and bacterial tRNA Ser s have 4-5-and 5-7-bp stems, respectively, while those of the tRNA Sec s have 6-7-and 6-9-bp stems, respectively (4). In each organism, the extra arm of tRNA Sec is always longer than that of tRNA Ser . Sec is synthesized on tRNA Sec through multiple steps. First, tRNA Sec is ligated with serine by seryl-tRNA synthetase (SerRS) (2) . In Eukarya/Archaea, the Ser moiety of Ser-tRNA Sec is phosphorylated by O-phosphoseryl-tRNA Sec kinase (PSTK) and is then converted to Sec by the selenocysteine synthase SepSecS (6, 7) . By contrast, the bacterial selenocysteine synthase SelA directly converts the Ser moiety of Ser-tRNA Sec to Sec (8) . SerRS is naturally responsible for serine ligation to tRNA Ser , which has the canonical '7+5' secondary structure and the characteristic extra arm. The crystal structure of the SerRStRNA Ser complex from the bacterium Thermus thermophilus revealed that the N-terminal helical domain of SerRS recognizes the extra arm of tRNA Ser (9) . In addition, the long extra arm of tRNA Sec is reportedly important for serine ligation by SerRS.
We previously reported the crystal structures of human tRNA Sec and the archaeal tRNA Sec PSTK complex (10, 11) , and those of the human tRNA Sec SepSecS complex (12) , mouse tRNA Sec (13) and another archaeal tRNA Sec PSTK complex have also been solved (14) . These studies confirmed the '9+4' secondary structure, and revealed the characteristic features of their tertiary cores. In contrast, the bacterial tRNA Sec structure, which putatively adopts the '8+5' secondary structure, has not been elucidated.
In this study, we solved the crystal structure of the bacterial tRNA Sec from Aquifex aeolicus, in complex with the heterologous SerRS from the archaeon Methanopyrus kandleri, and confirmed the '8+5' secondary structure of bacterial tRNA Sec . Moreover, the tertiary core structure of the bacterial tRNA Sec is distinctly different from those of its eukaryal and archaeal counterparts. On the other hand, the long extra arm of tRNA Sec is recognized by M. kandleri SerRS in a similar manner to that of T. thermophilus tRNA Ser by its homologous SerRS, even though the N-terminal domain of M. kandleri SerRS adopts a fold characteristic of the SerRSs from methanogenic archaea, and thus is distinct from those of the canonical SerRSs (15, 16) . 
MATERIALS AND METHODS

Protein and tRNA preparation
Aquifex aeolicus tRNA Sec , M. kandleri tRNA Sec and Archaeoglobus fulgidus tRNA Cys were prepared by in vitro transcription, as described (11, 17, 18) . The M. kandleri SerRS gene was cloned into the pET26b vector (Novagen). The M. kandleri SerRS protein with 11 mutations, R55Y-E58Y-E62Y-R116Y-D118Y-E189R-D193R-E379Y-E383R-E497Y-E499Y, which targeted the protein surface to reinforce crystal packing, was used for crystallization. The native and selenomethionine (SeMet)-substituted M. kandleri SerRS mutant proteins were overexpressed and purified, as described (17) . Furthermore, lysine methylation of SerRS was also performed to improve the crystallization efficiency (17) .
Crystal structure determination
The complex of M. kandleri SerRS and A. aeolicus tRNA Sec was prepared by mixing the components at final concentrations of 80 and 120 mM, respectively, in 20 mM Tris-HCl buffer (pH 7.5), containing 400 mM NaCl, 10 mM MgCl 2 , 3 mM 2-ME and 500
adenosine (Ser-SA, a non-hydrolyzable analog of seryl-adenylate). Crystallization was performed at 20 C by the sitting-drop vapor diffusion method, and the phase was determined by a combination of the molecular replacement and multi-wavelength anomalous dispersion methods, using a platinum-labeled crystal (17) . Labeling was performed by soaking for 10-15 h in harvest buffer containing 20 mM K 2 Pt(CN) 4 (17) . In the first phase determination step, we obtained the preliminary phase by molecular replacement, using the C-terminal core domain of the reported structure of Methanosarcina barkeri SerRS [PDB ID: 2CJ9 (19) ]. The phase information was used for detecting the heavy atom sites for subsequent experimental phasing. In the later step, we placed the N-terminal domain of M. barkeri SerRS, based on the F O map generated by the experimental phasing. Model building began with the modification of the placed N-and C-terminal domains (17) . The final data used for structure refinement were collected from the platinumlabeled crystal, using the SerRS with 11 mutations, Lys methylation and SeMet substitution (Table 1) , while the data used for phase determination were collected from a different platinum-labeled crystal without SeMet substitution (17) . The structures were refined against the diffraction data with the CNS (21) and Phenix (22) programs, with iterative cycles of positional and temperature-factor refinements ( Table 1 ). The Coot (23) and CueMol programs were used for manual fitting of the models to the electron density map.
Aminoacylation assay
The serine-ligation activities of the A. aeolicus and M. kandleri SerRSs were measured, using [ 14 C]-L-serine (Moravek). The reaction was performed at 60 C, in 50 mM Hepes-NaOH buffer (pH 7.5), containing 100 mM KCl, 20 mM MgCl 2 , 2.0 mM dithiothreitol, 4.0 mM ATP, 0.1 mg/ml bovine serum albumin and
96 GBq/mol). The time course of the reaction was monitored by removing aliquots at 1, 2 and 4 min, while the initial reaction rates to calculate the K M and k cat values were measured by removing aliquots at 30 s. The reaction was quenched by transferring each aliquot to a filter paper pre-equilibrated with 5% trichloroacetic acid (TCA), and the radioactivities of the acid-insoluble fractions were quantified by liquid scintillation counting, after the filters were washed three times with 5% ice-cold TCA and twice with 100% ethanol.
RESULTS AND DISCUSSION
Structure determination
To elucidate the tertiary structure of bacterial tRNA Sec , for comparison to the eukaryal and archaeal tRNA Sec species, we attempted to crystallize various bacterial The statistics in the highest-resolution shell are given in parentheses.
, where I i (hkl) is the intensity of the ith measurement of hkl and <I(hkl)> is the average value of I i (hkl) for all ith measurements. c R work, free = P hkl (jjF obs jÀkjF calc jj)/ P hkl (jF obs j), where R work and R free are calculated using the working-set and test-set reflections (5% of the total reflections), respectively. tRNA Sec species, and obtained crystals of A.aeolicus tRNA Sec . However, these crystals diffracted X-rays to only 5.5 Å resolution. Because many tRNA structures have been determined in the protein-bound forms, we tested the complex of A. aeolicus tRNA Sec with A. aeolicus SerRS, but the crystals still only diffracted to 8 Å resolution. On the other hand, we successfully determined the 3.1 Å resolution crystal structure of A. aeolicus tRNA Sec in its heterologous complex with M. kandleri SerRS ( Figure 1E and F) . In the process of resolution improvement, we introduced 11 mutations, R55Y-E58Y-E62Y-R116Y-D118Y-E189R-D193R-E379Y-E383R-E497Y-E499Y, methylated the lysine residues and substituted SeMet for Met, as only 5.7 Å resolution data were obtained using the wild-type SerRS without Lys methylation or SeMet substitution (17) . The crystals containing the wild-type and variant SerRSs are isomorphic (17) , indicating that the overall structures of tRNA Sec and SerRS and their contact surfaces in the crystals are the same. The mutated sites are located within non-conserved regions, but not in the tRNA Sec contact surface.Furthermore, the variant SerRS retained the serine-ligation activity toward the M. kandleri and A. aeolicus tRNA Sec s (Figure 2 ). The following structure descriptions are exclusively about the crystal structure using the variant SerRS, unless otherwise noted. The asymmetric unit contains one tRNA Sec molecule and one subunit of the SerRS homodimer. Aquifex aeolicus tRNA Sec consists 99 nucleotides (nucleotides 1-76 in Figure 1A ). G73 and the 3 0 -CCA region in the acceptor arm are partially disordered, and the final model lacks the 3 0 -terminal A76.
Overall structure
The tertiary structure of A. aeolicus tRNA Sec confirmed the putative '8+5' secondary structure. 
Tertiary interactions
The D-loopT-loop interaction includes the universal G18:U55 bp, as well as the tRNA Sec -specific U16:U59 bp ( Figure 4A ) and the U20:G19:C56 base triple ( Figure 6B ). The interaction of U8 with C21 in the D stem forms the G14:C21:U8 base triple ( Figure 4A ). In the eukaryal/archaeal tRNA Sec s, however, the nucleotide at position 8 is not involved in the tertiary base-pairing interaction ( Figure 4B and C) . G48, the linker between the extra stem and the T stem, is stacked on U8, and interacts with G20a to form the unique C15:G20a:G48 base triple ( Figure 4A) . C15, G20a, and G48 are completely conserved in the bacterial tRNA Sec s (4). The eukaryal/ archaeal tRNA Sec s lack this base triple, as the extra stem is directly connected to the T stem, and there are no nucleotides corresponding to those at positions 48 and 49 ( Figure 1B and C) .
U9, in the AD linker, is stacked on the first base pair of the extra stem (G45:C47s) ( Figure 4E ). Similar base stacking of the nucleotide at position 9 is also observed in the eukaryal/archaeal tRNA Sec s ( Figure 4F -I) (10, 11, 14) . U9 of human tRNA Sec is only stacked on the A48 base of the G45:A48 pair, while A9 of the archaeal tRNA Sec s is stacked on the interbase hydrogen-bonding region of the base pair G45:C48. Interestingly, two distinct A9 conformations are observed in the M. kandleri tRNA Regardless of these interior differences in the secondary and tertiary structures, the overall exterior structure of the bacterial tRNA Sec is similar to those of the eukaryal/ archaeal tRNA Sec s ( Figure 3A- C and E-G). This is due to the conservation of the D-arm conformation, the D-loopT-loop interaction, the total length of the acceptor-T arm and the orientation of the long extra arm. It is surprising that the distinct 8+5 and 9+4 secondary structures result in the same exterior structure, while the total number of base pairs in the acceptor-T arm is the same (13 bp). The difference in the boundary between the acceptor and T arms is compensated by the linker nucleotides, U8 and G48, which are involved in the unique base triples, G14:C21:U8 and C15:G20a:G48, in the bacterial tRNA Sec . These two unique base triples in the bacterial tRNA Sec occupy the positions corresponding to the U8:A14 and R15:Y48 tertiary base pairs, conserved in the canonical tRNAs ( Figure 4D ). Here, R and Y denote G/A and C/ U, respectively. In the canonical tRNAs, these tertiary base pairs form the tight 'tertiary core', with additional non-conserved base triples in the D stem, such as 45:10:25, 12:23:9 and 13:22:46 (24, 25) , or 12:23:9 in the case of a long extra arm (9) . In contrast, the eukaryal tRNA Sec completely lacks the corresponding interaction, and has a cavity instead of the tertiary core (10) (Figure 3J ). On the other hand, the ribose and base moieties of C8 in the archaeal tRNA Sec interact with the base and phosphate moieties of C20a, respectively (11) (Figure 4C ), thus generating an incomplete core ( Figure 3K) . Along with the shift of the acceptor-T boundary from the 9+4 to 8+5 secondary structure, the bacterial tRNA Sec generates the tertiary core, without any alterations in the overall exterior structure. The tertiary core reinforces the bacterial tRNA Sec conformation, although its contribution is relatively weak, as compared with those observed in the canonical tRNAs.
Structure of M. kandleri SerRS
The M. kandleri SerRS, used for co-crystallization with A. aeolicus tRNA Sec , is an atypical SerRS unique to methanogenic archaea. The aminoacyl-tRNA synthetases are divided into two classes, classes I and II, based on the two structurally unrelated catalytic core domains (26) , and both the typical and atypical SerRSs belong to class II. Similar to the reported M. barkeri SerRS structure (19) , M. kandleri SerRS consists of an N-terminal domain (residues 1-167) and a C-terminal catalytic domain (residues 168-527) ( Figure 5A and B) . The globular N-terminal domain is composed of a six-stranded b sheet and four a helices, in contrast to the coiled-coil N-terminal domain of the typical SerRSs (15, 16, 27) ( Figure 5C and D) . The SerRS homodimer is formed by inter-subunit interactions between the C-terminal catalytic domains.
Interaction of M. kandleri SerRS with A. aeolicus tRNA Sec
Methanopyrus kandleri SerRS exhibited serine-ligation activity toward A. aeolicus tRNA Sec in vitro, although the activity was lower than that toward M. kandleri tRNA Sec ( Figure 2 and Table 2 ). One SerRS homodimer binds two tRNA Sec molecules. The N-terminal domain of SerRS interacts with the extra stem and the D and T loops of tRNA Sec ( Figures 6A and B, and 7A ). The acceptor and anticodon arms do not interact with SerRS. The backbone of the second to eighth base pairs of the extra stem forms polar interactions with the SerRS residues ( Figure 6A ). The side chains of Arg40, Arg69, Arg72, Lys82 and Arg83 interact with the phosphate groups of C47p, C47e, C47d, C47r and U47q, respectively. The side chains of Arg72, Glu75 and His150 interact with the ribose moieties of C47d, C47p and G47b, respectively. The Arg76 side chain interacts with the ribose moieties of two nucleotides, C47o and C47p. The U20:G19:C56 base triple in the D-loopT-loop interface interacts with SerRS ( Figure 6B ). The side chains of Glu86 and Arg90 interact with the ribose moieties of U20 and G19, respectively. Ser14, Gly89, Arg93, Val94 and Gly95 form vander-Waals interactions with the base and ribose moieties of C56.
The K M value of M. kandleri SerRS for A. aeolicus tRNA Sec is much higher than that for M. kandleri tRNA Sec (Table 2) . Interestingly, the K M value of A. aeolicus SerRS for A. aeolicus tRNA Sec is also higher than that for M. kandleri tRNA Sec ( (9, 28) . Furthermore, the extra arm orientation of tRNA Sec is adjusted to resemble that of tRNA Ser , by the stacking interaction on the first extrastem base pair by the nucleotides at positions 9 and 20b of tRNA Sec and tRNA Ser , respectively. On the other hand, the length of the acceptor stem is not important for SerRS (29, 30) , owing to the flexibility between its N-and C-terminal domains. The present complex structure indicated that tRNA Sec is recognized by SerRS in the same manner as tRNA Ser , and is thereby distinguished from the other tRNAs. The conformational flexibility between the N-and C-terminal domains may allow tRNA Sec to retain the specific interaction between its extra arm and the SerRS N-terminal domain, when its 3 0 -terminal CCA region enters the SerRS catalytic site.
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